We report here high-pressure investigations, using 57 Fe Mössbauer spectroscopic and synchrotron X-ray diffraction techniques with diamond anvil cell on a meteorite fall at Nathdwara (India) categorized as an ordinary H6 chondrite. Mössbauer spectroscopic measurements were performed with compression up to 10GPa under hydrostatic conditions while XRD measurements were carried out up to 16 GPa in both hydrostatic and non-hydrostatic environments. Mössbauer studies demonstrated phase transitions for troilite and pyroxene at low pressures of 4.5 GPa and 6 GPa respectively. Main aim of the study was to investigate behavior of olivine (major constituent of the meteorite sample) which showed an unusual transformation of high spin Fe 2+ configuration at room pressure to low spin Fe 2+ phase at ~ 6 GPa. High pressure XRD measurements supported the above findings. Further XRD studies indicated reversible incomplete transformation of olivine to wadsleyite at 14.46 GPa under hydrostatic condition and complete transformation into ringwoodite at 16.7 GPa under non-hydrostatic compression. Not much has been reported about various phase transformations of meteoritic olivine at room temperature.
Introduction
Static high-pressure experiments on meteorites replicate the prevailing condition of the parent planetary system and therefore might provide information about the impact processes experienced by the planetary body through various phase transitions, crystallization/amorphization processes of the constituent minerals (Sharp and Decarli, 2006; Sears et al., 1984; Hasan et al., 1986; Stöffler et al., 1991; Miyahara et al., 2014) . Though physical properties are important to understand the origin of impact processes in meteorites, only few reports are available (Parthasarathy and Sharma, 2004) . Only a few experimental studies on high pressure effect on meteorites reporting phase transitions exist. Native iron from Precambrian Chaibasa shales (Singhbhoom, Eastern India), Lohawat Howardite and Piplia Kalan Eucrite meteorites of HED clan showed transformations at pressures, much lower than expected. These were attributed to the stacking faults and residual stresses experienced by the planetary materials due to shock impact metamorphism during shock loading (Chandra et al., 2010; Mao et al., 1967; Bassett and Huang, 1987; Rueff et al., 1999; Chandra et al., 2013 Chandra et al., , 2016 . 57 Fe Mössbauer spectroscopy is an established and powerful technique that distinguishes between various Fe-bearing minerals and provides a quantitative measure of iron-bearing phases, distribution of Fe ions with different oxidation states through its parameters like Quadrupole splitting and Isomer shift in a single measurement (Tripathi et al., 2000) . Quadrupole spitting (QS) provides a measure of deviation from cubic symmetry of the charge 642 Usha Chandra et al. distribution about Fe nuclei and the isomer shift (IS) is related to the net s-electron density at the Fe nuclei. Both QS and IS are sensitive to applied high pressure (Zhang and Hafner, 1992; McCammon and Tennant, 1996) and therefore help in elaborating structural aspects of the constituent minerals in the meteorites. It was found that each class of meteorites has its own characteristics. Mössbauer pattern with absorption areas corresponding to constituent minerals in meteorite exhibits correlation with their petrological types (Sprenkel-Segel and Hanna, 1964; Herr and Skerra, 1969; Sprenkel-Segel, 1969; Verma, 2003) .
A single stone fell on 25 th December 2012 at 1820 hrs (IST) with a hissing sound creating a ~15 cm diameter crater in the agricultural field ((N24058′: E73048′27′′) 5 km NW of Nathdwara in south Rajasthan, India. The stone was fully covered with a uniform thin black fusion crust. A thin section of grey rocky interior, underneath the crust, showed a chondritic structure. Agrawal et al. (2014) provide the details about the location of the stone fall and mineralogical details.
Petrological and mineralogical measurements are generally used for meteorite characterization but spectroscopic studies employing high-pressures are seldom applied. This report attempts a study of a specimen, Nathdwara meteorite, at ambient and under various (hydrostatic and non hydrostatic) static compression using synchrotron X-ray diffraction (up to 16 GPa) and 57 Fe Mössbauer spectroscopy (up to 10 GPa) to evaluate phase transition pressures and residual stresses experienced by the minerals during shock impact. Such spectroscopic studies helps in quantitatively analyzing unusual features of the shock impacted meteorite. Silicate minerals (olivine and pyroxene) are well studied under high-pressure, however it would be interesting to compare the high pressure behavior of these extraterrestrial minerals especially olivine in the chondrite.
Experimental

High Pressure 57 Fe Mössbauer Spectroscopic Measurements
For ambient temperature measurements, the absorber for Mössbauer studies was prepared by spreading fine powder (powdered using acetone) uniformly over an area of 1cm 2 between two thin plastic sheets. This was exposed by 10mCi gamma source (active area 0.5x0.5mm 2 ) mounted on a Wissel transducer and data collection was done by a Si-PIN solid state detector (Amptek XR-100CR with a resolution 250 eV) and CMCA-550 data acquisition module (Wissel Make). The velocity scale was calibrated with reference to metallic-iron.
For static high-pressure measurements, a MerrillBassett type diamond anvil cell (DAC) was used with tantalum gasket hole of diameter ~ 200ìm filled with sample, 4:1 methanol: ethanol mixture as pressuretransmitting fluid and a few tiny ruby crystals as pressure sensor (Chandra et al., 2005; Chandra, 2007) . The pressure on the sample was measured corresponding to the shift in the ruby R 1 and R 2 lines. High-pressure Mössbauer measurements were carried out in steps of 0.7GPa at the velocity range of ± 4.48 mm/s (corresponding to inner four lines of metallic iron) to concentrate only on silicate minerals. Long exposure times (more than one week) were given to achieve an appreciable signal to noise ratio of 14.4 KeV gamma ray and the patterns were analyzed by least-square-analysis to Lorentzian lines using the Mössbauer analysis program by Jernberg and Sundquist (1990) .
High Pressure X-ray Diffraction Measurements
For ambient temperature characterization, the sample was finely powdered using agate mortar pestle in acetone environment and then enclosed in a kapton tape. For high-pressure measurements, Mao-Bell diamond anvil cell (DAC) with diamond culet sizẽ 400 µm and 200 µm sample chamber in pre-indented tungsten gasket to a thickness of ~50 µm was used. For hydrostatic measurements, Gold powder and silicone oil were loaded along with the sample in the gasket hole as pressure sensor and pressure transmission medium respectively. X-ray diffraction (XRD) patterns were recorded up to 14.5 GPa for 2θ (0-40 o ) in an angle dispersive mode using monochromatic X-rays at Extreme Condition EDXRD beam line, located at a bending magnet port, BL-11 of INDUS 2 synchrotron source, RRCAT, Indore (India) (Pandey et al., 2013) . With beam size reduced to ~200 x 200 µm, 2D diffraction images recorded with MAR345 image plate detector were converted into 1-D diffraction patterns using FIT2D software (Hammersley et al., 1996) . Sample-detector distance, detector tilt-rotation and X-ray wavelength were Pressure-induced Phase Transition and Residual Stress Studies on a Meteorite Fall at Nathdwara 643 corrected using CeO 2 powder as calibrant inside DAC. The wavelength and the error in measurement were estimated as 0.6206Å and ± 0.0002 o respectively. The compression on sample was estimated corresponding to the shift in Au peak using the equation of state (Dewaele et al., 2004) . The XRD measurements under hydrostatic condition were carried out at static pressures 1.0; 2.3; 5.0; 5.7; 6.6; 7.7; 8.4; 10.3; 11.1; 12.4 and 14.5 GPa.
For non-hydrostatic high-pressure measurements, Cu was used as pressure marker without any pressure transmitting medium and wavelength of the monochromatic beam was estimated to be 0.6188Å. Measurements were performed at 0.2; 4.3; 7.2; 13.8 and 16.7GPa.
Results
Mineralogical Measurements
A piece of well characterized meteoritic specimen of Nathdwara was acquired from Dr G. Parthasarathy for high pressure studies. Mineralogical and compositional studies on the representative piece using x-ray fluorescence (XRF) and Electron Probe Microanalyzer (EPMA) techniques indicated olivine (42-45 vol %), pyroxene (23-25 vol %), troilite (6-8 vol %) and other minerals (kamacite, ilmenite etc) in small quantity (Agrawal et al., 2014) . On the other hand, room temperature Mössbauer measurements on the sample detected olivine 55.1%, pyroxene 25.2%, troilite 16.7% without any traces of Kamacite (Agrawal et al., 2016) .
Meteorites are complex systems with varieties of minerals. Therefore to ascertain compositions of various minerals in Nathdwara chondrite, ambient condition Mössbauer pattern at higher velocity scale of ±14.61 mm/s was analyzed with three different assignments (Fig. 1A , Table 1 ) and compositions are as follows:
(a) one sextet and two doublets corresponding to troilite, olivine and pyroxene showed estimation of what to be ~20%, 50% and 30% respectively.
(b) two sextets corresponding to troilite and kamacite (iron nickel alloy) and one doublet for silicate minerals (olivine plus pyroxene) with estimation of what 17%, 3% and ~80% respectively . Within experimental errors, compositional values of all the constituent minerals accorded well with the earlier reports (Agrawal et al. 2014 (Agrawal et al. , 2016 .
XRD pattern of the raw powder pasted on cello tape was compared with that with the sample loaded inside Diamond anvil cell (DAC) under hydrostatic condition (Fig. 2) . Observed changes in the intensities could be due to preferred orientations of the grains inside DAC (Redfern, 1996) . Predominant minerals e.g. Olivine, orthopyroxene and troilite along with (hkl) values corresponding to various planes are identified with reference to JCPDS cards 85-1206, 75-1044 and 01-1247 respectively (Table 3a) . Masking of olivine peaks by Au marker is highlighted in the box and in bold letters.
High Pressure Measurements
High Pressure Mössbauer Measurements : Concentrating only on silicate minerals (olivine and pyroxene) in the Mössbauer spectrum of chondrite, we analyzed the Mössbauer parameters measured at lower velocity scale of ± 4.48 mm/s at ambient temperature ( Fig. 1B) and at various pressures of 1.4; 3.8; 4.5; 5.2; 5.9; 6.6; 7.3; 8.0; 8.7 and 9.4 GPa under hydrostatic condition are shown (Fig. 3 , Table  2 ). The inner four lines of sextet by troilite in the ambient pattern is discernible (Fig. 1B) . Considering distinct values of Mössbauer parameters (QS and IS) and the presence of Fe 2+ ions in M2 and M1 octahedral sites in the minerals, the patterns were analyzed accordingly (McCammon and Tennant, 1996; Virgo and Hafner, 1972). Fitted curves of olivine and pyroxene are represented by straight line and dotted line with dots respectively. Isomer shifts in both olivine and pyroxene indicated that Fe was in a high spin Fe 2+ configuration. Mössbauer pattern at ambient condition estimated troilite (with characteristic magnetic field of 30T) to be ~16 %, olivine (with QS~2.9 mm/s) ~56% and pyroxene (with QS 2.3mm/s) ~27% respectively (Fig. 1B , Table 2 ). Figure 3 and Table 2 display the pressure-induced behavior of the sample. At 1.4 GPa, a weak quadrupole doublet with QS=5.5 mm/s registers magnetic character of the troilite along with usual characteristics doublets of olivine and pyroxene. A complete collapse of magnetic pattern is observed at 3.8 GPa with an appearance of paramagnetic doublet having low isomer shift, which persisted up to 4.5GPa. Above this pressure contribution due to troilite seems to vanish. At 5.2 GPa, only doublets of high spin Fe 2+ corresponding to olivine and pyroxene are visible. Further increase in the pressure to 5.9 GPa had the appearance of a quadrupole doublet with low isomer shift (-0.01mm/s) at the expense of high spin Fe 2+ component of olivine. The transformation of high spin Fe 2+ contribution into low spin Fe 2+ component continued till 9.4 GPa (the limit of our Mössbauer measurements). At 6.6 GPa, no contribution due to pyroxene was visible. On decompression to room pressure, reversible transformation with regaining of the high spin contribution with simultaneous irreversible 
High Pressure X-ray Diffraction Studies
Figures 5A, B illustrates the XRD patterns sequenced (1) in the pressure regime of 1GPa to 8.4 GPa and (2) from 10.3 GPa to 14.5 GPa respectively. Table 3b compares the d' values of the assigned peak with applied pressure.
We first discuss the pressure-dependent variations in XRD patterns up to 8.4 GPa-the range which would be correlated to the Mössbauer results. In concurrence with Mössbauer observations, prominent peaks of troilite at d=2.657Å, 2.096 Å and 1.722 Å respectively (marked by vertical lines in Fig.  5A ) diminish at 5GPa. An interesting observation at 5 GPa is the formation of a peak ('d' value = 2.31 Å) adjacent to intense Au peak which conspicuously Fig. 5A illustrates the onset of peak at 5GPa and is marked with an arrow in Fig.  5B . The growth of the peak with reference to Au peak is quite visible. The inset in Fig. 5B also illustrates pressure-induced'd' value variations of the peak. Reconstruction and recombination of atoms in various lattice planes of the silicate minerals (olivine and pyroxene) could be observed above 6 GPa (Fig. 5A , Table 3b ). Disappearance of pyroxene peaks above 6 GPa could be related to Mössbauer results. Subtle variations in the intensity of XRD spectrum above 5GPa could be explained in terms of the disappearance of the 'b' (h+k=odd) reflections without affecting 'a' (h+k=even) reflections (Chandra et al., 2016) . Widening of the peaks and redistribution amongst the olivine planes above 6 GPa matches with variations in the Mössbauer patterns. Disappearance of 2.31 Å peak occurs on decompression to room temperature and pressure (Fig. 5C ).
High pressure XRD studies of olivine, the main constituent of our chondrite meteorite might enlighten properties of the meteorite hence measurements were carried out under hydrostatic (up to 14.5 GPa) and non-hydrostatic (up to 16.7 GPa) conditions as reported in the experimental section. Figure 5B illustrates XRD measurements performed under hydrostatic conditions at higher pressures (from 10 GPa to 14.5 GPa). Widening of peaks and narrowing of characteristic doublet peaks of olivine (at d values 2.52 Å and 2.47 Å) are evident and formation of single peak is visible at 14.5 GPa. On the other hand, nonhydrostatic compression XRD measurements performed with Cu as calibrant, at various pressures up to 16.7 GPa displays pressure-dependent 'd' values compared to the ambient values ( Fig. 6 and Table #-olivine doublet; *-Au peak; w -wadsleyite; T-troilite O-olivine; P-Pyroxene; !-peak corresponding to low spin olivine 3c). Cu marker and gasket peaks are prominently seen in the figure. Peak broadening and the merging of characteristics doublet of olivine seems to occur at lower pressure of 4.3 GPa in this case. The peak observed at 2.31Å earlier in hydrostatic case seemed to be masked by gasket peak in this condition. Primary peak of gasket grows intense by merging of this olivine peak. At 16.7 GPa, very few peaks indicate phase transformation which would be discussed in next section.
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Discussion
Compositional analysis of ambient Mössbauer measurements accords well with earlier values (Agrawal et al., 2014 (Agrawal et al., , 2016 . Based on the olivine and pyroxene compositional ratio the sample was classified as ordinary chondrite belonging to H6 group (Agarwal et al., 2014) . Another study using the systematics performed of Verma et al. (2003) corresponding to Mössbauer absorption areas of olivine, pyroxene and troilite, classified it to be a L chondrite and absence of kamacite supports this result (Agrawal et al., 2016) . Present Mössbauer measurements at ambient condition estimated troilite *-Gasket; **-Cu; O-olivine; P-pyroxene; T-troilite; w -wadsleyite; r-ringwooditẽ 16%; olivine ~56% and pyroxene ~ 27% and this is used for further analysis and discussions.
Our aim for this report is to conduct pressuredependent study on olivine -the main component of meteorite-and to compare the results with earlier studies on terrestrial counterpart. However it would be inappropriate to neglect the influence of other constituents.
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Detailed high Pressure studies on troilite (FeS) has demonstrated various phases transformationshexagonal (magnetic) between 3 and 7 GPa, monoclinic (FeS III) above 7 GPa and orthorhombic (FeS IV) at ~ 35-40 GPa and increase in coordination number from 6 to 8 at 270 GPa (Kusaba et al., 1997 (Kusaba et al., , 1998 Ono, 2007; Ono and Kikegawa, 2006; King and Prewitt, 1982; Nelmes et al., 1999-II; Sata et al., 2007) . Transformation of troilite from high spin magnetic to low spin paramagnetic phase observed in our sample at 3.8GPa resembles a similar effect seen by Takele and Hearne (1999) at 12 GPa attributed to hexagonal to monoclinic structural transition.
Pressure-induced Mössbauer parameters (QS, IS) for olivine (with high spin and low spin components) and pyroxene are shown in Figures 4A , 4B, 4C and listed in Table 2 . Quadrupole splitting represents non-cubic distortion in the octahedral sites with Fe 2+ having two oppositely contributing components viz. valence and lattice. The valence term comes from spatial extension of valence electrons while lattice term is influenced by the nearby ions in the crystal lattice. Similarly isomer shift is determined by s-electron density at the Fe nuclei influenced by valence of Fe cation and octahedral volume yielding information about chemical bonding.
Quadrupole doublets at ambient pressure for both olivine and pyroxene correspond to high spin Fe 2+ ions at the M1 and M2 octahedral sites. While Mössbauer parameters IS and QS, for olivine decrease slowly up to 5 GPa, slope becomes steeper on further increase in pressure (Fig. 4A) . Simultaneously, at 5.9 GPa another quadrupole doublet having lower isomer shift corresponding to low spin Fe 2+ emerges (Fig. 3) and with further increase in pressure, gets well resolved and intense at the expense of its high spin counterpart (Fig. 4B, Table 2 ). Such continuous decrease in quadrupole splitting of high spin Fe 2+ component implies increase in disorder in lattice sites leading to a local break down in the olivine symmetry and eventually leading to high spin to low spin phase transition. Only high spin Fe 2+ component retains on decompression to room pressure. The appearance of low spin Fe 2+ component in Mössbauer spectra resembles 2.31Å peak seen in XRD at about 5 GPa subsequently growing stronger with pressure. Similar reversible spin cross-over of Fe 2+ from high spin to low spin configuration was reported by Rouquette et al. (2008) for synthetic [(Mg 0.9 Fe 0.1 ) 2 SiO 4 ] olivine at 40 GPa (and ambient temperature) using X-ray diffraction, Raman spectroscopy and Mössbauer spectroscopy. The anomaly observed at 40 GPa in XRD pattern observed by Rouquette et al. (2008) was associated with the decrease in compressibility along b axis either due to a structural phase transition or a change in the electronic configuration of iron. On the other hand, Raman study showed a small broad Raman band at ~ 840cm -1 at ~ 48GPa attributed to pressure-induced dimerization of adjacent SiO 4 tetrahedra which were proposed to be a precursor to amorphization that might occur at higher pressures.
It has been reported that Mg-rich olivineForsterite (Mg 2 SiO 4 ) transformed to Wadsleyite and Ringwoodite upon heating at 13.5 GPa and 18 GPa respectively (Ringwood and Major, 1966; Akimoto and Fujisawa, 1968) while Fe-rich olivine -Fayalite (Fe 2 SiO 4 ) directly transformed to Ringwoodite at ~ 8 GPa (Furnish and Bassett, 1983) . The transformation is kinetically inhibited below 500 o C (Sung and Burns, 1976) but laser heated to <700 o enhanced disorder with complete amorphization above 70 GPa (Guyot and Reynold, 1992) . Shock transformed olivine grains to ringwoodite were observed in Tenham and NWA 5011 meteorites (Nagy et al., 2009) . In-situ x-ray diffraction study at beamline 13-BM at Advanced photon factory reported ringwoodite transformation at 15.6 GPa and 600 o C while olivine to wadsleyite transformation occurred at 12.8 GPa and 600 o C (Wang et al., 2000) .
The XRD patterns at room temperature under hydrostatic condition of our meteoritic sample up to 14.5 GPa are shown in Fig. 5B and analyzed in Table  3b . Olivine is distinctly recognized by its characteristic doublet (2.52 and 2.47 Å). Merger of the characteristic doublet of olivine and broadening of peaks are the prominent features. Analyzed pattern at 14.5 GPa showed onset of wadsyelite formation (JCPDS 37-014) but the same transformation occurred at low pressure of 4.3 GPa under nonhydrostatic environment (Fig. 6 ). Complete transformation of olivine to ringwoodite (JCPDS 21-1258 ) is observed at 16.7GPa (Fig. 6, Table 3c ). Olivine in the meteorite seemed to undergo various phase transitions sequentially with pressure.
We now consider the pressure dependent behavior of pyroxene in our chondrite sample. Fig.  4C shows pressure dependency of Mössbauer parameters for pyroxene. Isomer shift represents presence of high spin Fe 2+ in pyroxene. The continuous increase in quadrupole splitting and isomer shift indicate lowering of distortion in M1 and M2 octahedral sites and decrease in s-electron density at Fe nuclei respectively. Relating disappearance of troilite phase to sudden variation in the Mössbauer parameters at ~ 5 GPa for both olivine and pyroxene implied sudden changes in the local environment around Fe nuclei (Fig. 4A, 4C ). Similarly decrease in QS and IS and large line width at 5.2 GPa for pyroxene (Fig. 4C) suggested change in environment of Fe nuclei due to amorphization (Table 2) . Identical variations resembling amorphization process in pyroxenes were observed in Lohawat and Piplia Kalan meteorites (Chandra et al., 2013; Chandra et al., 2016) . The process was reversible on decompression with the phase regaining with little lattice distortion represented by low QS and increased line width (Table  2) . Broadening and subsequent absence of pyroxene peaks above 6 GPa also observed in XRD patterns taken under hydrostatic condition (Fig. 5A ) but in nonhydrostatic environment, the process began even below 4.3 GPa (Fig. 6 ).
During non-hydrostatic compression measurements, an intensity enhancement in the gasket peak was observed due to the merger of the 2.91 Å olivine peak (marked with arrow in Fig. 6 , Table 3c ). The ratio (I gasket /I doublet ) increased from ambient value of 1.05 to 1.18 at 0.2GPa, to 3.90 at 4.3 GPa and to 11.92 at 16.7 GPa. Such enhancement might be the consequence of spin cross over transformation seen in olivine.
Yamamoto et al. used broadening of x-ray diffraction peaks as a function of pressure and temperature to study mineral strength of natural uppermantle minerals (olivine, orthopyroxene and spinel) and observed increase in differential stress with increased pressure but showed opposite effect with increasing temperature. Estimated yield strength of olivine thus obtained, was lower than that of pyroxene and spinel. Plastic deformation in olivine at room temperature at differential stress of 4-6 GPa measured the residual pressure to be 0.4-0.5 GPa with the physical properties still preserved at ~ 1GPa (Yamamoto et al., 2008) . Rashchenko et al. (2017) used pressure shift of the high wave number component in Raman band for the estimation of residual stress in the inclusions of mantle origin. Using similar assumptions, line broadening of XRD patterns above 8.40GPa was estimated for our chondrite sample (under hydrostatic conditions). It was found that the residual stress experienced by the minerals due to shock impact decreased in the usual correlation represented as troilite > orthopyroxene > olivine.
The transformation of olivine to bridgmanite, identified in Tenham L6 chondrite and found abundant (~ 70%) in the Earth's lower mantle at a depth of greater than 1000 km (christened 'bridgmanite' to honor Percy W. Bridgman for his fundamental contributions towards high pressure research) could not be ruled out . Many of the peak values (2.456 Å, 2.175Å, 2.081Å, 2.075Å, 1.924Å, 1.743 Å, 1.444Å, 1.400Å) of bridgmanite matches well with our XRD pattern at 16.7 GPa.
Conclusions
We report here the effect of static high pressure on chondrite meteorite which fell at Nathdwara (Rajasthan, India) using powder X-ray diffraction at Extreme condition EDXRD synchrotron beamline BL-11 of INDUS 2 along with in-house 57 Fe Mössbauer spectroscopy. Meteorite, composed prominently of
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olivine, orthopyroxene and troilite showed various phase transformations. Olivine showed phase transitions-spin cross over at ~6GPa, onset of wadsyelite at ~14.5 GPa under hydrostatic compression and the complete transformation to ringwoodite at 16.7GPa under non-hydrostatic compression. Olivine shows unusual phase transitions not reported for terrestrial olivine. All the transformations including amorphization of pyroxene at ~ 6 GPa and low spin Fe 2+ transformation in troilite at 4.5 GPa occurred at low pressure, lower than expected indicating residual stresses retained in the sample. The residual stress experienced by the minerals due to shock impact seems to obey the order -troilite> orthopyroxene>olivine-observed for terrestrial minerals.
